The wide applicability of in-situ produced Terrestrial Cosmogenic Nuclides (TCNs) to geological problems and experiences in development and testing gained over the past decade is encouraging for its application to archaeological questions, where there is a distinct need for an additional independent dating tool beyond the limits of radiocarbon (~ 40 ka). Just as TCNs are applicable to a broader time period with considerable precision in archaeology, so also are they applicable to all lithologies. Application of TCNs to archaeological problems is relatively simple: either surface exposure dating (using cosmogenic nuclide production) or burial dating (using decay of radioactive cosmogenic nuclides) can be applied. For a successful application, close collaboration between archaeologists and TCN experts is required. The total exposure from 100 a to 5 Ma of a given surface of archaeological origin can be determined by surface exposure dating. The range of burial dating is from ~0.1 to 5 Ma. TCNs have been successfully applied to many archaeological problems during the last decade and both surface exposure dating and burial dating show high potential in the solving of archaeological problems.
Introduction
Shrewder sampling, improved chemical sample preparation and analysis as well as a better understanding of the physical processes responsible for in-situ produced Terrestrial Cosmogenic Nuclides (TCNs) have significantly enhanced the reliability of the method since its conception (cf., GOSSE & PHILLIPS 2001). The best known application of TCNs is the dating of the Quaternary ice volume fluctuations from the records archived by mountain glaciers (e.g., IVY-OCHS et al. 2006 ) and continental ice sheets (e.g., BRINER et al. 2006) . Moreover, TCN methods have been employed in dating volcanic (e.g., LICCIARDI et al. 1999 ) and palaeoseismic events (e.g., BENEDETTI et al. 2003) as well as to quantify surface and/or rock uplift (RITZ et al. 2006) and incision rates (e.g., SCHALLER et al. 2005) . Due to the sensitivity of the cosmogenic nuclide concentration to surface erosion and depth below the surface, the method has led to significant breakthroughs in establishing the rates and styles of local and large-scale erosion (SCHALLER et al. 2001) , soil development (HEIM-SATH et al. 1997 ) and landscape evolution (e.g., BIERMAN et al. 2002) . The method can also be applied to the study of surface processes over a broad range of climate settings, employing different lithologies and mineralogies (IVY-OCHS & KOBER 2008) . In addition, several geologic anomalies have been dated by cosmogenic nuclides such as Libyan desert glass (KLEIN et al. 1986 ) and the Canyon Diablo meteorite impact (NISHIIZUMI et al. 1991; PHILLIPS et al. 1991) . Depending on the surface preservation and exposure history, this dating technique has an effective range from the Pliocene to the late Holocene (IVY-OCHS & KOBER 2008) . Its rapid and wide acceptance in using 3 He, 10 Be, 14 C, 21 Ne, 26 Al, and 36 Cl is not only due to its wide applicability to problems in surface geology but also to the reproducibility of many of its early results (GOSSE & PHILLIPS 2001 and references therein) . Cosmogenic nuclides can be used to exposure date fossils, lithic artefacts or monuments directly, to exposure date rock surfaces, or to date sediments associated with fossils or stone tools, or to determine nuclide concentrations to assess tool procurement strategies. Therefore, cosmogenic nuclide methods have a largely unrealized potential in archaeology (STUART 2001) . Although several dating techniques such as radiocarbon (e.g., GONZALEZ et al. 2003) , Useries (e.g., SHEN et al. 2001) , electron spin resonance (e.g., MOLODKOV 2001), 40 Ar/ 39 Ar (e.g., CLARK et al. 2003) and luminescence (e.g., VAL- LADAS et al. 2003) , either directly or indirectly, can be applied to archeological problems, there is a substantial need for an additional dating tool in archaeology beyond the limits of radiocarbon and independent of the dating methods mentioned above (Fig. 1) . Among several dating techniques, the TCN technique seems to be very promising due to its longer application period and efficacy without the need for any organic material (Fig. 1) . The primary focus of this review paper is on the evaluation of the application of TCNs to archaeological questions considering basically surface exposure dating and burial dating. Following the basic information on these two techniques, we discuss in detail how these techniques can be applied with assumptions, requirements, potential problems, disadvantages and advantages of each technique. This discussion is complemented with respective reviews of previous studies of TCN applications to archaeology.
How to apply TCNs to archaeology?
High-energy cosmic rays originating predominantly from super nova explosions within our galaxy are continuously bombarding the Earth. Interactions between these high-energy cosmic rays and the Earth's atmosphere create secondary and tertiary cosmic rays, including neutrons and muons. These high-energy particles can penetrate meters into rock and sediment when they reach the Earth's surface. Located in the upper surface of a rock, in-situ produced terrestrial cosmogenic nuclides are the product of the interaction of cosmic radiation, primarily neutrons, with a variety of target atoms within Application of in-situ produced terrestrial cosmogenic nuclides to archaeology 2008) . Essentially, surface exposure dating can be applied over the timescales of around 100 a to 5 Ma and burial dating over around 0.1 to 5 Ma. The difference between the lower limits originates directly from the time required for a sufficient decay of unstable cosmogenic nuclides in order to detect different isotopic concentrations due to various half-lives. Both surface exposure and burial dating tools require that the archaeological sample to be dated is destroyed during the sample preparation, and this can make the application of TCNs to archaeology at first seem strange. However, a destruction of this type can be minimized with careful planning of the sampling strategy and analysis of the scientific problem. In spite of this, the number of samples required for such analysis should be in the order of five.
Surface exposure dating
The application of surface exposure dating to archaeology at first sight appears to be restricted to large archaeological structures such as buildings, monuments and standing stones (STUART 2001 Application of in-situ produced terrestrial cosmogenic nuclides to archaeology mined ( Fig. 2 ) using the local production rate of the respective isotope (Table 1) & KOBER 2008) . For this determination, three conditions must be fulfilled. The first is that the cosmogenic isotope concentration at the beginning of exposure is zero or known (i.e. inheritance). The second is that the system must have been closed with respect to either gain or loss of the respective isotope. The third assumption is that the correct production rates are known and were constant during the exposure time.
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CERLING & CRAIG (1994) were the first scientists who discussed the potential application of cosmogenic nuclides to archaeology in their review publication "Geomorphology and Cosmogenic Nuclides" and suggested that the pyramids, Sphinx, Stonehenge or even the statues on Easter Island could be directly exposure dated. For instance, initial results from the analysis of 36 Cl in the bluestones from Stonehenge are controversial (WILLIAMS-THORPE et al. 1995) . Furthermore they describe the debate on the construction age of the Sphinx (mainly "the Final Riddle of Sphinx") and discuss a potential solution of this debate with TCN dating suggesting that archaeologists inform their scientific progeny since the time for this study would come. In addition to this exciting review, STUART (2001) summarised the principles (mainly for archaeologists) and utility of TCN methods to address archaeological questions. In his review on in-situ cosmogenic nuclides, the controls of the production of TCN in exposed surfaces are outlined and the factors of relevance for exposure dating of archaeological Construction of the field context in surface exposure dating of archaeological structures is the most important aspect. This context should be delineated with all available archaeological and geological data and the archaeological question discussed in detail. At this point, input from the archaeologist in the construction of the context may be determinant. Many problems which would arise later during evaluation and interpretation of the results can be omitted with careful planning during this phase. After the selection of the appropriate cosmogenic isotope to be applied (Table 1) , samples are collected following the strategies defined in other surface exposure dating studies (GOSSE & PHILLIPS 2001) . Not only the construction time of archaeological structures, but also collapse time can be surface exposure dated. For instance, exposure dating of blocks within the ruins of an archaeological structure can give information about the collapse event of this structure. Several problems may arise during the building up of the field context concerning the main assumptions of surface exposure dating. Among these assumptions, the first is likely the most critical one, since the building stone (sensu lato) used for the construction has a possibility of being pre-exposed before quarrying and/or of having TCN concentration produced in depth and thus a significant concentration of inherited TCNs (IVY-OCHS & KOBER 2008) . Although the inheritance is uncommon in practice when glacially transported erratic boulders are dated with TCNs (PUTKONEN & SWANSON 2003) , the probability for archaeological applications is more serious. This potential presence of inheriting TCN can be assessed with careful observation during sampling, particularly in the case of quarried materials. If this is not possible, the analysis of TCN concentration over a depth profile of several meters may then provide information on the inheritance and erosion rates (see IVY-OCHS & KOBER 2008 for further details). If the source quarry can be determined, the concentration of TCN on both exposed and buried surfaces from this quarry can be analysed. In the first instance, this difficulty looks discouraging; however it can after be eliminated within the field context and related sampling strategies in the field. Also, multiple TCN measurements may be helpful; for instance, measurements of unstable 10 Be and stable 21 Ne can be used to determine the exposure history of a given archaeological surface. 21 Ne concentration will clarify the total cosmogenic exposure history and, as the unstable 10 Be will decay in the case of any interruption in exposure, it will reveal the pattern of exposure history: either simple or complex. Simple exposure will result in 10 Be and 21 Ne ages, which are consistent within the error limits. However, a complex exposure will result in a younger 10 Be than 21 Ne age, due to the isotopic decay of 10 Be. Although complex exposure histories are successfully applied to glacially abraded bedrock and for surfaces (BIERMAN et al. 1999; FABEL et al. 2002; PHILLIPS et al. 2006) , the application to archaeology is more complex. In this case, the exposure episodes will be interrupted by either complete or partial (shielding by other agents such as soil, sediment etc…) burial, or a series of different burial times. In such a complicated situation, the only information that can be deduced is the total exposure time to radiation. The best solution to this complexity is the minimization of unknown parameters, i.e. the careful examination of the field context. Another problem concerning exposure dating assumptions is inconstant local production rates of respective TCN during exposure time. In the case of archaeology, this inconsistency can occur through rebuilding, restoration, renovation of archaeological structures such as buildings, monuments and standing stones. These kinds of post-exposure displacement activities will directly affect the production rate and thus may result in meaningless exposure ages. As in the case of inheritance, the variable production rate problem can be omitted again by careful observation within a well structured context. Although the possibility is quite low and uncommon, system closedness concerning the third assumption can also cause some problems. There are two ways this occurs: either some of the TCN is lost during the exposure time, such Application of in-situ produced terrestrial cosmogenic nuclides to archaeology as chipping out of the material through physical weathering, which will result in younger exposure ages. The prevention is simple: the surface to be sampled should be selected carefully. On the other hand, a gain of TCN through atmospheric cosmogenic isotopes (see IVY-OCHS & KOBER 2008 for further details) such as meteoric 10 Be and 36 Cl may result in higher exposure ages. Possible contamination by meteoric isotopes is unlikely and normally removed during sample preparation due to improved chemical sample preparation in the TCN technique. In the first study to solve an archaeological problem by surface exposure dating, PHILLIPS et al. (1997) used 36 Cl to address the question of whether the exposed schist surfaces of the Côa valley (northern Portugal) were available for engraving during Palaeolithic times (from around 2.5 Ma to around 10 ka ago). The age of the animal and other figures engraved on these rock surfaces is controversial and hypotheses fall into two time periods: (1) Palaeolithic, due to the stylistic indications (among others ZILHÃO 1995) and (2) Holocene, suggested by radiocarbon dating (WATCHMAN 1995; 1996) and microerosion dating results (BEDNARIK 1995a; 1995b; 1995c) . PHILLIPS et al. (1997) revealed that the rock panels had been exposed long enough to be engraved during the Palaeolithic, and argued for a landscape stable enough to support Palaeolithic art (STUART 2001). Although PHILLIPS et al. (1997) had given a maximum exposure age (i.e. the real exposure age is probably younger) for the schist panels, this first application of TCNs was criticised by WATCHMAN (1998) and BEDNARIK (1998), with criticisms focusing mainly on inheritance (i.e. the TCN concentration present prior to the exposure), erosion rates of the schist panels and the potential contamination of meteoric 36 Cl due to the high hydrological and therefore hydrochemical activity in the region, i.e. this system was not closed with respect to gain of the respective isotope. A prime example of surface exposure dating study is by IVY-OCHS et al. (2001) He in the fluorapatite of fossil teeth, opening up the possibility of dating fossil remains at archaeological sites. On the one hand the continuous exposure requirement must be satisfied. On the other, the preliminary results of FARLEY and coworkers imply that some of the fossils they studied comprise lag deposits and are much older than the associated sediment. The main disadvantage of surface exposure dating of archaeological structures seems to be the inheritance as was also experienced in the earlier studies. As mentioned above, the inheritance problem can mainly be omitted during the scientific context construction phase; if not possible, this can still be excluded by applying a multiple TCN approach, but even so this will be not more than a limited approach to the problem according to the present level of experience in such situations. Surface exposure dating is a direct, absolute dating tool which can be applied to a broader time span within and beyond the 14 C limit. Its independence of the organic material and lithology is a key advantage compared to the other dating techniques. Furthermore, surface exposure dating can be used as an 'event' dating tool in archaeology such as construction or destruction of archaeological structures. The precision of surface exposure dating is high enough to date such archaeological events. In particular, lower detection limit of surface exposure dating, which is around 100 years, would for instance mean that marble statues older than 19 th century can be exposure dated. This fact, in principle, would imply that TCN could be potentially used to determine whether an archaeological object is original or not. All these advantages of exposure dating are encouraging for its application to the archaeological questions. Much has been learnt from previous studies; however, there is still more to be learnt and experienced with new applications.
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Burial dating
The application of burial dating to archaeology is a promising tool. Basically, any object of archaeological origin that has been buried can be dated with this technique (Fig. 3) . Considering the period of application (from ~100 ka to 5 Ma), burial dating can be mainly applied to the Palaeolithic time (from around 2.5 Ma to around 10 ka ago). Until now, burial dating has been applied using 10 Be and 26 Al in quartz. The fundamentals are as follows: the cosmic ray cascade causes the production of TCN in quartz crystals (as sediment and/or mineral in the rock) at or near the earth's surface. When quartz grains are eroded, transported and deposited far below the surface (e.g., in a cave), the TCN production rate becomes zero due to the attenuation of the cosmic rays in the rock. The radioactive decay of 10 Be and 26 Al with time will result in a decrease in concentrations of these radionuclides in the host mineral (mainly quartz). Since 26 Al has a shorter half-life than 10 Be (Table 1) , 26 Al vs.
10
Be ratio decreases with time and the time since the sediment was buried can principally be determined when the initial build-up is modelled (for details see DEHNERT AND SCHLÜCHTER 2008). For burial dating application, four requirements must be fulfilled. The first is that the accumulation of TCN in the quartz grains prior to burial must be sufficient enough for a successful AMS measurement. The second is that the transport and the burial of quartz should be contemporaneous with respect to timescales of radioactive decay. The third is that the prospective quartz sample must be buried deep enough to avoid significant TCN production after burial and the fourth requirement is that the TCN production should result from a simple history of exposure prior to burial. The burial dating technique can be applied, for instance, to the settled caves of Palaeolithic times (e.g. PARTRIDGE et al. 2003). In principle, one could burial date both the artefact and the enclosing sediment. This is a reliable way to perform a cross-control of the application of TCNs, especially when other dating techniques are not applicable. Application of burial dating to archaeology is not restricted to Palaeolithic caves. Another application can be the strata of different cultures. In this situation, an archaeological stratum can be handled as a geological unit and the deposition time of the layer can be determined within given uncertainties. Burial dating can also be applied to waste disposal in antique quarries. Here, even different phases of waste disposal can be determined in relation to the original quarry phase. Burial dating can also be applied to the special cases where archaeology and natural hazards coincide. For example, a mass movement can destroy a settlement or a part of it and the buried sediment can be dated by TCN analysis. Again, as in surface exposure dating, construction of the field context is the most important aspect. The context should be constructed in such a way as to minimize uncertainties which can potentially cause problems during consequent phases of burial dating, using all available archaeological and geological data with close cooperation between archaeologists and TCN experts. However, some problems may still appear during archaeological applications of burial dating concerning the four requirements mentioned above. Since the accelerator mass spectrometric measurement technique is able to measure very low concentrations of TCNs, the first requirement (Measurable TCN concentrations) will not cause any problem. The second requirement (Contemporaneous transport and burial) can easily be fulfilled, since the time between the production and the burial of the archaeological artefacts is considered contemporaneous compared to the radioactive halflives of 26 Al and 10 Be. The third requirement (No TCN production after burial) is likely the most critical one and affects all burial dating applications. Here, on the other hand the production of TCNs at depth cannot be neglected, since there will still be some amount of TCN concentration produced after deposition and/or burial. This potential problem can be minimized by the application of an appropriate model for production after deposition. Beside the third requirement, the fourth requirement (Simple exposure history before burial) is fulfilled for artefacts by approximations following appropriate models as with other burial dating applications (for details see DEHNERT & SCHLÜCHTER 2008) . During the last decade, burial dating has been applied to archaeological questions. BOARETTO et al. (2000) proposed the application of burial dating to archaeology with a case study from Tabun Cave, Mt. Carmel (Israel), which has a sedimentary sequence representing the type section for about the last 800 kyr in the Levant. Flint tools are also embedded within this quartz rich sequence. In this study, flint tools as well as sediments were sampled for 10 Be and 26 Al. The flints that they analyzed contained too much stable 27 Al and too little 26 Al, so that their analyses were complicated. Thus, BOARETTO et al. (2000) did not calculate burial ages for these samples. The key finding of this study is that the internal environment of the flint is well sealed, so that any contamination by meteoric 10 Be seems to be unlikely. Apart from the direct application of burial technique, VERRI et al. (2002, 2004, 2005) studied flints that were embedded within the sedimentary sequence in the Tabun and Qesem caves in Israel. Considering the basic idea that flint mined from deeper than 2 m will have a low 10 Be concentration, whereas flint collected from the surface or mined from shallower than 2 m will contain a higher 10 Be concentration, they determined that different flint procurement strategies, including deep mining, were used at least as early as the Late Lower Palaeolithic in the Levant. For instance, 10 Be concentration of flints from one layer (Lower Layer E, Acheulo -Yabrudian, around 400 -200 ka) in Tabun cave are very low and consistent compared to the layers below and above (VERRI et al. 2005 Al) to the fossiliferous breccia in the Jacovec Cavern and Silberberg Grotto at Sterkfontein, South Africa. The results of this application revealed that the ho-
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minid fossils embedded within these deposits were accumulated in the Early Pliocene, and also that burial dates obtained from Jacovec Cavern and Silberberg Grotto are indistinguishable. Approximately 4 Ma of burial age for the hominid remains found in these two sites is also consistent with and similar to the findings from East Africa PARTRIDGE et al. 2003) . In a subsequent study, MUZIKAR & GRANGER (2006) applied a combination of cosmogenic, stratigraphic and palaeomagnetic information using a Bayesian approach to refine the burial dating results from Sterkfontein. The main disadvantage of burial dating of archaeological artefacts seems to be post-burial TCN production and possible complicated TCN production history prior to burial as experienced also in the earlier studies. This problem can be mainly solved -as mentioned above-just during the scientific context construction phase. Especially the complexity vs. simplicity of TCN production (complex or simple exposure) prior to burial can give information about the tool procurement as demonstrated by VERRI et al. (2002, 2004, 2005) . As the 10 Be and 26 Al in quartz have been used in burial dating applications until now, this can look like a disadvantage of lithology dependency, however the use of other TCNs in burial dating is still open and needs to be tested and practiced. Much has been learnt from previous applications: burial dating is applicable to a broader time span, especially to Palaeolithic, i.e. definitely far beyond the radiocarbon dating limit; and it is also a direct, absolute dating tool which is independent of the presence of organic material. Hence, these two advantages are encouraging for its application to archaeological questions, even though there is certainly still more to be learnt and experienced with new applications.
Conclusions
During the last decade, TCNs have been successfully applied to a several archaeological problems, although most of these were test applications. TCN methodology has several advantages over other dating tools: as the radiocarbon technique is widely used by archaeologists, absence of organic material is generally a problem. Moreover, increasing uncertainties with time and calibration issues are sometimes problematic. At this point, TCNs seem to be an outstanding approach in solving archaeological problems. In archaeology, TCNs can be applied (1) to a larger time period beyond the radiocarbon dating limit, (2) to all lithologies, and (3) with considerable precision. Either the production or decay of cosmogenic isotopes is used for the application of TCNs: the accumulation of TCNs will be used for surface exposure dating and their decay for burial dating. The total exposure from 100 a to 5 Ma of a given surface of archaeological origin can be determined by measuring the concentration of the required TCN with accelerator mass spectrometry. Burial time from ~0.1 to 5 Ma is determined by burial dating technique. Although these two types of applications have their own problems, a selective and precise discussion of the scientific and field context before and during sampling will minimize potential complications that may arise during the interpretation phase. TCN tools, both surface exposure dating and burial dating, have, generally speaking, high potential for applications in the field of archaeology. If we assume that the total number of archaeological sites in the Eastern Mediterranean region is around 10,000 and if < 5% of these archaeological sites are suitable and available for the application of TCN analysis, then total the number of potential study applications will still number in the hundreds.
